The initial action of luteinizing hormone (LH) or choriogonadotropin (hCG) on the testis Leydig cell is to stimulate the formation of the male androgen testosterone, a response which is thought to be mediated through the production of cyclic AMP (Dufau & Catt, 1978; Cooke et al., 1981) . However, apart from this stimulatory action, LH and hCG also cause a refractoriness or desensitization of that same steroidogenic response (Catt et al., 1979) . This hormoneinduced loss of LH responsiveness may involve a loss of plasma membrane receptors for LH (Haour & Saez, 1977; Hseueh et al., 1977; Purvis et al., 1977; Sharpe, 1977) , an uncoupling of the LH receptor from the adenylate cyclase (Saez et ul., 1978; Johnsen et al., 1981; Dix et al., 1982) , an increase in the metabolism of cyclic AMP due to increased phosphodiesterase activity (Purvis & Hansson, 1978) and a decrease in the activities of some of the enzymes in the steroidogenic pathways from pregnenolone to testosterone (Tsuruhara et al., 1977) .
In other systems there is recent evidence which suggests that Ca'+ -mediated processes may be involved in desensitization and internalization of receptors. In particular, activation of protein kinase C (via increased phosphoinositide metabolism and diacyclglycerol production) leading to phosphorylation of receptors and/or GTP-binding protein may be taking place (see review by Sibley & Lefkowitz, 1985) .
We wish to summarize here our recent studies on (a) the control of intracellular Ca2+ and cyclic AMP, (b) the effects of modulators of desensitization and internalization, and (c) the possible roles of Ca'+ and cyclic AMP in these processes. These studies have been carried out in vitro, using Leydig cells from the rat testis. presence of LH and LHRH agonist (Sullivan & Cooke, 1986) .
Effects
I t was found that there was no increase above the basal [Ca'+], (which was 89.4 f 16nmol of Ca'+/l, mean S.D. n = 25) during the first 1-2min after the addition of a stimulant. This was followed by a linear increase in [Ca'+] , to reach a maximum after 6 8 min. There was a similar lag time for all the compounds investigated that increased [Ca"],, the only exception being the Ca'+ ionophore ionomycin which produced a very rapid increase in [Ca'+] ,. Adrenocorticotropic hormone (10 "'mol/l) had no effect on
Small but significant (P < 0.05) increases in [Ca'+ 1, and testosterone production were detectable with 1 pg of LH/ml and in cyclic AMP production with 0. 
Internalization of the LH receptor and LH-induced desensitization of udenylatii cyclase
Because of the limitations ofcell numbers with the normal Leydig cell, studies were initially carried out with the tumour cells which have been shown to have many of the characteristics of normal Leydig cells (Cooke et a/., 1979) . In this system LH produces a rapid (within IC60min) desensitization of subsequent stimulation with LH; however, the response to cholera toxin in intact cells and to guanine nucleotides and NaF in plasma membranes from LH-desensitized cells was unaltered (Dix eta/., 1982) . In the same studies it was shown that exposure of the cells to dibutyryl cyclic AMP had no effect on subsequent responses of intact cells or plasma membranes. These findings led to the conclusions that LH induces a lesion at or proximal to the GTP-binding protein (N-protein) and that this lesion is specific to the LH response and is not mediated by cyclic AMP (Dix et al.. 1982) .
There is little or no net loss of LH receptors in Leydig cells up to 8 h after administration of hCG in vivo (Catt et a/., 1979) . This is then followed by a prolonged loss of receptors which is maximal after 2 days. Thus down-regulation of the LH receptor and early desensitization of the Leydig cell do not appear to be connected (Dix et a/.. 1982; Wu et d., 1985) . However, it was assumed that there is little movement or turnover of LH receptors because no net loss in their number occurred, but this does not take into account the existence of an endocytic pathway leading to recycling of receptors. The dynamics of LH receptor binding, internalization and recycling in purified rat testis Leydig cells were therefore investigated (Habberfield et a/., 1986~) . The results obtained demonstrate that binding of LH (hCG) to its receptor in isolated rat testis Leydig cells leads to rapid internalization of the hormone-receptor complex. This appears to be followed by dissociation of this complex in endocytic vesicles and the return of the receptors to the cell surface. At 4'C, movement of the hormone-receptor complex inside the cell did not occur, and at 21 C hormone accumulated within the cytoplasm but was not degraded or released from the cell. At 34' C, there was internalization, degradation and loss of the degraded hormone from the cell. Further studies have now been carried out to characterize the process of desensitization and to determine if it is linked to internalization and if they both occur with physiological amounts of LH.
First of all it was important to establish conditions for the accurate determination of the number of LH receptors on testis Leydig cells. Binding studies have been carried out previously on intact cells and at different temperatures in order to estimate the numbers of plasma membrane receptors. These include rat Leydig cells (Tsitouros r t a/.. 1979; Dehejia et a/., 1982), porcine Leydig cells (Mather et a/., 1982) . rat luteal cells (Luborsky c[ a/.. 1984) and rat granulosa cells (Knecht et a/., 1984) . However. the effects of temperature on ligand-receptor internalization, subsequent ligand 'processing' and/or recycling of the receptor are not usually taken into consideration. We illustrated by Scatchard analysis of I-hCG binding to purified intact testis Leydig cells (Scatchard. 1949; Rosenthal. 1967) , that a link exists between the temperature sensitivity of the LH receptor endocytic pathway and the apparent numbers of LH receptors. The data were analysed by a LlGAND binding program (Munson & Rodbard, 1980) . The results showed that at temperatures greater than 4' C an overestimation of the number of receptors/cell is likely to occur (Habberfield ct  a/., 1986h) . A one-site analysis of the data gives values of 13 573, 61 924 and 3802 LH receptors/cell. At 34 C and Vol. 15 21 C (but not at 4 C) a two-site analysis of the data is possible, giving similar high-affinity binding components at both temperatures ( K , 1 x 1 0 " '~) , but with dissimilar lowaffinity binding components (34°C 2.17 x 10 ' M, and 21°C 6.3 x 10 M). The calculated total number of LH receptors using a two-site analysis at 21 C is equal to 114766 receptors/cell. and at 34' C it is 37 987 receptors/cell. It is proposed that the differences in the level of binding at different temperatures and the associated changes in the value of K,,, reflect the temperature sensitivity of the endocytic pathway of the '"I-hCG/LH-receptor complex within the rat testis Leydig cell. From previous studies it is known that at 34' C and 21 C, a large part of the cell-associated hormone is not receptor bound but rather it represents 'processed' hormone before it is released from the cell. At 4 C the cell-associated "'I-hCG remains bound only to cell-surface LH receptors and thus gives a more accurate measure of total receptor numbers/cell.
In order to investigate the degree of LH-induced desensitization with different amounts of LH, testis Leydig cells were incubated with 0.001-100ng of LH/ml. The cells were then washed and re-incubated with and without a maximum stimulating dose of LH (lOOng/ml). There was a dosedependent decrease in the response of the cells to the second challenge with LH: the degree of desensitization reached a maximum with long of LH/ml; however, production of cyclic AMP was not decreased by more than 50% of the control (Habberfield et a/., 1986~) . Similar experiments in which the time taken to reach maximum desensitization showed that this occurred within 60 min, and significant desensitization occurred within 15min. In order to investigate further the reasons for the continuing production of cyclic AMP in maximally desensitized cells, the latter were washed with acidic glycine buffer to remove bound LH and then re-incubated. I t was found that although the cyclic AMP production was approx. 40% decreased compared with cells washed in pH 7.4 buffer only, it still increased from 8.0 to 60pmol of cyclic AMP/IO" cells within 60min. These results suggest that approx. 50% of the Leydig cell adenylate cyclase becomes refactory to further stimulation with L H and that the remaining stimulated adenylate cyclase activity is independent of the continuing presence of LH.
Further experiments were carried out to study the kinetics of cyclic AMP production with different doses of LH and the effects of these doses on the numbers of LH receptors. With I-IOOng of LH/ml, dose-related increases in cyclic AMP production occurred in an almost linear manner up to 45min before reaching a plateau or a much slower rate of increase. Assuming that there are 4000 LH receptors/cell, it is possible to determine the theoretical level of receptor occupation; at concentrations of > 38 pg of LH/ml (equivalent to > 4000 molecules LH/cll) the hormone is in excess of the total number of LH receptors/cell. However, even with IOOng of LHlml, maximum cyclic AMP production was not achieved. It is apparent from these considerations that the concept of 'spare' receptors previously proposed (Catt r t a/., 1979) does not apply.
The effects of various concentrations of LH on the level of surface associated LH receptors was determined. To prevent LH receptor recycling affecting the measurement of LH receptors, monensin was included in the incubations. I t was found that after 2 h and 8 h incubations the levels of LH receptors had been decreased by exposure of the cells in a dose-related manner to all the concentrations of LH used (from 0.001 ng to lOOng/ml). The maximum decrease that occurred was 40%.
These experiments demonstrate that desensitization and internalization occur with low and physiological amounts of LH. Furthermore, they suggest that internalization and recycling may be necessary for full activation of the adenyl-BlOCH EM ICAL SOCl ETY TRANSACTIONS ate cyclase because this is not attained with amounts of LH which would fully saturate the surface receptors. It is possible therefore that LH receptors are recycled and are able to bind fresh hormone and thus further activate the adenylate cyclase.
The possible recovery of the cells to desensitization was determined by incubating the cells for 1 h with 1.0, 10 and 100 ng of LH/ml and then, after washing, incubating the cells for various times up to 120min. I t was found that the cells desensitized with 1 .O ng of LH/ml gave nearly a 100% response in terms of cyclic AMP production when rechallenged with LH after 2h, but with IOOng of LH/ml no increase in cyclic AMP production was obtained. These experiments demonstrate that desensitization is reversible after incubation with physiological amounts of LH.
E8ki.t of' phorhol esters und calcium
The ability of tumour-promoting phorbol esters to cause desensitization of adenylate cyclase has been reported with several systems. The phorbol ester 4[&phorbol-12P-myristate-13a-acetate (PMA) was found to cause a dose-and time-dependent desensitization of rat Leydig cells (Habberfield et ul., 1986d). After 30min incubation with different amounts of PMA the cells were challenged with LH (100 ng/ ml); it was found that maximum PMA-induced desensitization (approx. 40%) occurred with 50nM. With longer incubation times and with 50 nM-PMA the desensitization reached a maximum after 90min. The amount of surface binding of I" I-hCG also decreased by incubation with PMA: a loss of approx. 40% occurred within 30min. When the calcium ionophore A23187 was added 10min before 5nM-and IOOnM-PMA it was found that the degree of I" I-hCG surface binding was markedly decreased in the presence of the low but not the high concentration of PMA.
These experiments indicate that a phorbol ester can mimic LH in causing desensitization and loss of cell-surface LH receptors and furthermore that its effects may be modulated by Ca'+. I t is possible therefore that LH-induced desensitization and LH-receptor internalization are caused by activation by LH of Ca'+ -dependent protein kinase Cmediated phosphorylation.
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